ABSTRACT. The long-term carbon cycle depends on many feedbacks. Silicate weathering consumes atmospheric CO 2 , but is also enhanced by the increased temperatures brought about by this important greenhouse gas. The long-term sensitivity ⌬T 2x of climate to CO 2 -doubling modulates the strength of this negative feedback. We update the model-experiment of Royer and others (2007) by estimating an empirical probability-density function (PDF) of ⌬T 2x for the Phanerozoic by using an improved GEOCARBSULF carbon-cycle model to predict a larger, recalibrated set of proxy-CO 2 measurements from the present-day to 420 Ma. The new GEOCARBSULF parameterizes the rapid weathering of volcanic rocks, relative to plutonic rocks. Updates to the carbon-cycle model and the proxy-CO 2 data set induce opposing model responses. As a result, our experiment maintains an agreement with ⌬T 2x estimates based on numerical climate models and late Cenozoic paleoclimate. For a climate sensitivity ⌬T 2x that is uniform throughout the Phanerozoic, the most probable value is 3°to 4°C. GEOCARB-SULF fits the proxy-CO 2 data equally well, and with far more parameter choices, if ⌬T 2x is amplified by at least a factor of two during the glacial intervals of the Paleozoic (260-340 Ma) and Cenozoic (0-40 Ma), relative to non-glacial intervals of Earth history. For glacial amplification of two, the empirical PDFs for glacial climate sensitivity predict ⌬T 2x (g) >2.0°C with ϳ99 percent probability, ⌬T 2x (g) >3.4°C with ϳ95 percent probability, and ⌬T 2x (g) >4.4°C with ϳ90 percent probability. The most probable values are ⌬T 2x (g) ‫؍‬ 6°to 8°C. This result supports the notion that the response of Earth's present-day surface temperature will be amplified by the millennial and longer-term waxing and waning of ice sheets.
and others, 2009; Pearson and others, 2009; Tripati and others, 2009; Royer, 2010) , including age updates according to Gradstein and others (2004) . Although the expansion and interpretation of the proxy-CO 2 data set is ongoing, this study incorporates ϳ50 percent more data than were considered by Royer and others (2007) , allowing better resolution of carbon-cycle history. Comparison with a larger data set can identify Earthhistory intervals where data and/or the model may be uncertain or incorrect. The correlations between climate-sensitivity and other parameters in the carbon-cycle model GEOCARBSULF were not explored in detail by Royer and others (2007) . Finally, we evaluate the possibility of enhanced ice-sheet feedback (Budyko, 1974; Hansen and others, 2008; Pagani and others, 2010; Lunt and others, 2010) by allowing GEOCARBSULF climate sensitivity ⌬T 2x to have independent values in glacial and non-glacial periods of the Phanerozoic. The GEOCARBSULF Carbon-Cycle Model section discusses the background of the GEOCARBSULF carbon-cycle model. The Proxy-CO 2 Data and Bayesian Modeling section discusses proxy-CO 2 measurements used to constrain the GEOCARBSULF parameters, as well as the Bayesian statistical assumptions behind the empirical PDF for ⌬T 2x . The Climate Sensitivity and Parameter Tradeoffs section updates the Royer and others (2007) study for Phanerozoic climate sensitivity. The Data Fitting and Discussion section discusses the results, and considers how to improve the carbon-cycle approach to ⌬T 2x -estimation.
the geocarbsulf carbon-cycle model
The BLAG model (Berner and others, 1983 ) fired an early shot in the earth-system revolution by integrating through time the environmental influence of four generalized chemical reactions, The first two (Urey) reactions symbolically represent the exchange between global inventories of silicate and carbonate rocks via weathering and metamorphism (Ebelmen, 1845) . The third reaction represents the formation and net burial, or release, of organic carbon in the earth system. The fourth reaction represents the global exchange between sulfides and sulfates. These reactions codify a suite of geologic processes that govern the atmospheric concentration of CO 2 and O 2 through Earth history. Because CO 2 is a major greenhouse gas and O 2 is necessary for respiration, the history of these gasses in Earth's atmosphere is a major factor in Earth's climate history (Royer and others, 2004; Royer, 2006; Fletcher and others, 2008) and biological evolution (Falkowski and others, 2005; Berner and others, 2007; Franks and Beerling, 2009) . By integrating a system of differential equations for geochemical cycles through time with hypothetical plate-tectonic histories, Berner and others (1983) argued that the middle Cretaceous (100 Ma) experienced atmospheric CO 2 levels far higher than at present. By validating the longstanding greenhouse hypothesis for the warm Cretaceous, the geochemical-cycle paradigm expanded the reach of uniformitarian principles in geoscience (Lyell, 1837) .
GEOCARB geochemical-cycle models are successors to the BLAG model that eschewed the explicit integration of the Urey reactions in favor of computing a series of steady-state carbon-flux balances through the Phanerozoic (Berner, 2004) . The justification for the GEOCARB approach is similar to using a 1-D radiation balance to estimate the long-term effect of greenhouse gasses. Just as the heat capacity of Earth's surface is too small to sustain long-term imbalances in radiation through the atmosphere, the total mass of carbon in Earth's atmosphere, biosphere and ocean is too small to sustain long-term imbalances in global carbon fluxes. Just as temperature rises or falls to achieve a radiation balance with a particular mix of greenhouse gasses, the GEOCARB models allow the CO 2 concentration to rise and fall to balance carbon fluxes associated with rock weathering, organic carbon burial/exhumation, and degassing. Successive versions of the GEOCARB model versions have utilized improved proxies for geologic processes and increased the model's sophistication. Berner (1991) incorporated ␦ 13 C as a proxy for carbon burial. Berner (1994) added strontium isotopes as a proxy for chemical weathering. Berner and Kothavala (2001) distinguished the weathering impact of angiosperms and gymnosperms. Berner ( , 2006a incorporated sulfur isotopes as a constraint on atmospheric O 2 levels. Most recently, Berner (2006b Berner ( , 2009 ) applied proxies to distinguish between "volcanic" and "granitic" weathering in the updated GEOCARB-SULF model, to exploit their differing weathering susceptibilities.
Through two decades of refinement, the predictions of the GEOCARB family of geochemical models have shown robust associations between the history of Earth's climate, tectonics and biota, reflecting a variety of causal relationships (Berner, 2004) . High CO 2 in the early Paleozoic compensates for a weaker coeval solar constant. The onset of glacial conditions in the late Paleozoic is associated with the rise of vascular plants and their enhancement of CO 2 -consumption via silicate weathering. Mesozoic warmth is associated with increased degassing associated with more-vigorous tectonics, and weaker weathering due to less continental relief. No single geologic process dominates Phanerozoic climate history. Rather, a combination of processes acted over time to fluctuate greenhouse-gas concentrations, and helped to determine the longterm history of Earth climate. The GEOCARB models cannot be used directly to predict the ⌬T 2x that today's generation of carbon-emitters should expect, because the carbon-flux balance is a long-term (Ͼ1 My) estimate of environmental processes. Nevertheless, the GEOCARB models validate the notion that anthropogenic CO 2 emissions will cause global warming and related climate changes.
Alternate models to the GEOCARB model-family exist both as global-average algorithms (Wallmann, 2001; Bergman and others, 2004; Arvidson and others, 2006) , and as models that allow geographical variation in weathering processes and other feedbacks others, 2008, 2009) . Experiments similar to those reported in this paper could be tried with alternate models, but parameterizations and feedbacks common to long-term carbon-cycle models suggest that our estimates of ⌬T 2x from GEOCARBSULF will be representative. However, the use of a geographicallydependent carbon-cycle model for a well-documented interval of Earth history (for example, Godderis and others, 2008) might narrow the acceptable range of ⌬T 2x in a particular geologic context, and reveal tradeoffs between environmental processes that are specific to the era studied. Royer and others (2007) rewrote the original BASIC computer code for GEOCARB-SULF (Berner, 2006a) into FORTRAN (copy available at http://jparkcodes.blogspot. com/) in order to vary systematically five parameters whose value is imprecise during the full Phanerozoic (Berner, 2004) . The first parameter was the main target of the study, the climate sensitivity ⌬T 2x , crucial in creating the negative weathering feedback in an enhanced-greenhouse Earth. The parameter ACT is the activation energy for the dissolution of primary Ca-and Mg-silicates in continental interiors (for example, Dessert and others, 2001 ). The parameter FERT specifies the fraction of land-plant growth that responds to changes in atmospheric CO 2 concentration. The parameters LIFE and GYM scale the weathering efficiency of, respectively, an algal/bryophytic land biosphere (570-380 Ma) and a gymnosperm-dominated land biosphere , to present-day angiosperm-dominated values. As an example, GYM ϭ 1 equates the weathering efficiency of gymnosperms and angiosperms. Weathering efficiency during 380 to 350 Ma is interpolated in time between the bryophytic and gymnosperm values. Weathering efficiency during 130 to 80 Ma is interpolated in time between the gymnosperm and angiosperm values. The effects of these parameters in GEOCARBSULF trade off with each other. The GYM and LIFE parameters modulate the effects of plant-assisted weathering at different intervals of the Phanerozoic, while ACT and FERT affect weathering at all times. There are many other parameters in GEOCARBSULF that affect its predictions of CO 2 through the Phanerozoic, such as the weatherable area of continents through time. In the Discussion we investigate this issue further. Royer and others (2007) used the version of GEOCARBSULF documented by Berner (2004 Berner ( , 2006a . Berner (2006b Berner ( , 2009 improved the model's realism by distinguishing between volcanic and plutonic Ca-and Mg-silicate weathering. Because volcanic rocks weather more readily than plutonic rocks (Meybeck, 1987) and contribute an estimated 30 to 35 percent of total silicate weathering (Dessert and others, 2003) , this reformulation strengthens the weathering feedback in GEOCARBSULF significantly, and serves as one motivation for this study. We use the parameter NV ϭ 0.15 to scale the contribution of volcanic, principally basaltic, weathering to the strontium isotope budget (Berner, 2006b) . Basalts weather 1.5-3 times as quickly as granites (Meybeck, 1987; Taylor and others, 1999; Taylor, ms, 2000) , but their net consumption of CO 2 is further boosted by their greater proportion of Ca and Mg (Taylor and others, 1999; Taylor, ms, 2000) . We therefore set the ratio of volcanic and non-volcanic CO 2 -consumption rates VNV ϭ 4, twice the value assumed by Berner (2006b) .
proxy-co 2 data and bayesian modeling
The qualitative agreement of GEOCARB models with Phanerozoic climate history can be made quantitative by fitting the model to independent estimates of past atmospheric CO 2 levels (Royer and others, 2007; Fletcher and others, 2008) . The proxy data for past CO 2 levels include the ␦ 13 C of phytoplankton (Stott, 1992; Freeman and Hayes, 1992; Pagani and others, 1999a Pagani and others, , 1999b Pagani and others, , 2005 , the stomatal density/index of fossil plant leaves (Van der Burgh and others, 1993; Beerling and others, 1998; McElwain, 1998; McElwain and others, 1999; Chen and others, 2001; Royer and others, 2001; Beerling, 2002; Beerling and others, 2002; Greenwood and others, 2003; Roth-Nebelsick and Konrad, 2003; Haworth and others, 2005; Sun and others, 2007; Kürschner and others, 2008; Retallack, 2009b; Beerling and others, 2009; Passalia, 2009; Quan and others, 2009; Yan and others, 2009; Barclay and others, 2010; Doria and others, 2011) , the fractionation of boron isotopes (Pearson and others, 2009) , boron/calcium ratios (Tripati and others, 2009 ), ␦ 13 C of liverwort fossils (Fletcher and others, 2008) , and ␦
13
C of carbonate concretions in paleosols (Suchecki and others, 1988; Platt, 1989; Cerling, 1991 Cerling, , 1992 Koch and others, 1992; Muchez and others, 1993; Sinha and Stott, 1994; Andrews and others, 1995; Ghosh and others, 1995 Ghosh and others, , 2001 Ghosh and others, , 2005 Mora and others, 1996; Ekart and others, 1999; Lee and Hisada, 1999; Lee, 1999; Driese and others, 2000; Cox and others, 2001; Royer and others, 2001; Tanner and others, 2001; Robinson and others, 2002; others, 2002, 2003; Tabor and others, 2004; Prochnow and others, 2006; Montañez and others, 2007; Cleveland and others, 2008; Retallack, 2009b; Breecker and others, 2009, 2010; Royer, 2010) .
Proxy data for CO 2 suffers considerable scatter, but the sensitivity of global-average temperatures to CO 2 is logarithmic. The variation of CO 2 over the Phanerozoic is larger than the scatter of coeval proxy-CO 2 estimates, and improvements in the interpretation of proxy data can reduce the scatter. Beerling and others (2009) recalibrated the non-linear relationship between leaf-stomata density and CO 2 concentration. In soils, the ␦ 13 C of pedogenic carbonates reflects a mixture of ambient atmospheric CO 2 and 12 C-dominated CO 2 respired by plants and soil-dwelling microbes (Cerling, 1991) . Breecker and others (2009) argued from field data that CaCO 3 concretions in soils accumulate preferentially outside the yearly growing season, when the light-isotope soil-derived CO 2 is less abundant. As a result, a lower atmospheric CO 2 concentration is necessary to explain the intermediate ␦
C values observed in paleosol carbonates. The recalibrated CO 2 estimates from paleosol carbonates bring them more in agreement with other CO 2 proxies (Royer, 2010) , and suggest that past enhanced-greenhouse climate intervals, for example the Mesozoic, experienced CO 2 levels similar to those projected for 2100 AD (Breecker and others, 2010) . Combined with age corrections according to Gradstein and others (2004) , these adjustments to proxy-based estimates of Phanerozoic CO 2 levels are significant, another motivation for an update to the GEOCARB-based climate sensitivity study of Royer and others (2007) .
We assembled a set of 635 proxy-CO 2 data for past 420 My of the Phanerozoic, based on the data sources and recalibrations listed above ( fig. 1 ). For each datum we either used reported standard deviations, determined upper and lower 1-bounds on CO 2 -concentration based on related proxy data, or estimated sensitivity ranges from varying parameters in the formulas that relate proxy observations to atmospheric CO 2 concentration. We averaged the data in 10-My windows centered on 5 Ma, 15 Ma, 25 Ma, et cetera, using a weighting scheme based on logarithmic data uncertainties i . Only one 10-My interval since 420 Ma lacks data, leading to N ϭ 41 values for fitting with the GEOCARBSULF model. Because the climatic influence of atmospheric CO 2 depends on log(pCO 2 ), we averaged the logarithms of the data in the kth 10-My interval:
where the weighting factor is computed from the estimated upper bound of the estimated uncertainty interval
For the uncertainty k avg of log(pCO 2 ) avg , we use the sample variance of log(pCO 2 )-proxy data in 10-My intervals. For intervals with K Ն 2 data points,
and k avg ϭ i if there is only K ϭ 1 data point in the 10-My interval. The sample variance is more conservative than the standard variance-of-the-mean estimate
Neither the CO 2 -proxy data nor the 10-My averages (pCO 2 ) k avg are Gaussian random variables, but their logarithms better approximate Gaussian statistics. We use terminology drawn from Gaussian statistics, such as data-fitting within uncertainty bounds and 2 values:
The colloquial metric for this expression is the root-mean-square (rms) data misfit in units of k avg from (3). For Gaussian statistics, a "one-sigma" rms misfit is the desirable situation, because it allows the data to scatter about model predictions in a manner consistent with the observational uncertainties. A rms misfit Ͻ1 risks fitting noise as well as signal. A rms misfit Ͼ 1 suggests that the model has shortcomings.
The complement to 2 misfit is the variance reduction, the fraction of the total proxy-CO 2 data variance that GEOCARBSULF explains ( fig. 2 ). To calculate data variance, one must define a baseline value that a dataset departs from. For this application we define the baseline as uniform pre-industrial/Late-Pleistocene atmospheric CO 2 concentrations for all time. In the GEOCARBSULF computer code, pre-industrial/late-Pleistocene CO 2 is 250 ppm, the estimated average value over the past million years (Berner, 2006a) . Departure from the baseline CO 2 value is measured in logarithmic units, in terms of k avg as defined by (3). Bayesian probability density functions, also known as empirical PDFs, quantify the probability that a particular value of a model-parameter leads to model-predictions that are consistent with a set of hypotheses and/or observations. A simple example of this concept comes from introductory probability theory. If a person throws two dice, each die can return an integer value from one to six with equal probability, but the probability of the combined total, from two through twelve, has a binomial probability that peaks at the number seven. Suppose we constrain the total number on the dice to be three. What is the probability for the numbers on one die? By noting the number of dice combinations that can result in a total of three, the probability for each die is 50 percent one, 50 percent two, and zero-probability for all other values. Our GEOCARB-SULF modeling experiment is more complicated than a dice throw, but its principle is similar. If GEOCARBSULF is required to fit the proxy-CO 2 data within a particular tolerance, subject to plausible variations in the four parameters FERT, LIFE, GYM and ACT, what is the probability that ⌬T 2x falls within a specified range? If all allowed values of the parameters FERT, et cetera, are assumed to be equally probable, similar to a dice throw, then the most-probable value of climate sensitivity ⌬T 2x is the value that can fit the proxy-CO 2 data with the largest number of parameter combinations.
In an earlier example of our modeling strategy, Forest and others (2002) compared the output of a coupled dynamical atmosphere-ocean model with climate observations of the late 20th century, to determine which values of climate sensitivity replicated the gross features of historical climate (mean temperatures, trends) most robustly with respect to plausible variations of unknown physical parameters, such as ocean heat diffusivity and atmospheric aerosol radiation forcing. Royer and others Variance Reduction (%) Proxy CO 2 datafit metrics Fig. 2 . Datafit metrics for proxy-CO 2 data. The total data variance is based on standard deviation , from the Pleistocene average (250 ppm). The variance of the 10-My moving-average proxy-CO 2 data corresponds to 6.5 rms misfit. Three approximate reference points are marked by dashed lines: 75% data variation and 3.25-data misfit, 90% data variance fit and 2-data misfit, and 97% data variation and 1-data misfit.
(2007) applied Bayesian PDFs to the climate sensitivity ⌬T 2x in the GEOCARBSULF model, determining the probability that the carbon-cycle model could fit CO 2 -proxy data within a chosen 2 misfit, within allowable ranges of the parameters 0.2 Յ FERT Յ 0.8, values of 0.03 Յ ACT Յ 0.13 corresponding to activation energies 20 to 83 kJoule/mole, 0.125 Յ LIFE Յ 0.5, and 0.5 Յ GYM Յ 1.2. GEOCARBSULF was run in an evenly-spaced grid search over these four parameter ranges, 10 values per parameter, as well as evenly-spaced climate-sensitivity values 0.6°C Յ ⌬T 2x Յ 10.4°C. Each value of ⌬T 2x was run with 10000 GEOCARBSULF simulations, and the number of simulations that fit data better than a chosen 2 misfit was tabulated. With suitable normalization of the success ratio for all tested values of ⌬T 2x , a plot of success ratio versus climate sensitivity represents the Gaussian PDF. In practice, the choice of datafit affects the shape of the PDF. A too-stringent 2 -misfit criterion for the proxy-CO 2 data causes the success ratio to vanish for some values of ⌬T 2x . A too-loose 2 -misfit criterion saturates the success ratio at values approaching unity, discriminating poorly between different ⌬T 2x values. We test a small number of 2 -misfit values to explore the robustness of the empirical PDF. The peak of the empirical PDF for climate sensitivity corresponds to the value of ⌬T 2x for which the greatest number of other model-parameter combinations achieve or better a chosen 2 -misfit value. We replicate the computational strategy of Royer and others (2007) with a few changes. We sample ⌬T 2x nonuniformly, exploiting the weak variation in GEOCARB-SULF behavior at larger ⌬T 2x values. We weight the model's success ratios with the local ⌬T 2x spacing for proper normalization. Rather than focus exclusively on the empirical PDF for ⌬T 2x , we explore model-parameter tradeoffs with another tactic employed by Forest and others (2002) : by computing bivariate empirical PDFs from the success ratio of GEOCARBSULF at a 2-D grid of model-parameter choices. For instance, we evaluate GEOCARBSULF at a particular choice of ⌬T 2x and ACT with 1000 model runs, corresponding to a gridsearch over the remaining three model parameters FERT, GYM and LIFE. The bivariate PDF for ACT and ⌬T 2x can be obtained after normalizing a 2-D grid of success ratios. Finally, we extend the parameterization of Royer and others (2007) to allow independent climate sensitivities in geologic time invervals characterized by glacial and nonglacial conditions. Although no division of nonglacial and glacial climate periods lacks potential controversy, we chose the intervals 260 to 340 Ma and 0 to 40 Ma to be glacial for this study, consistent with Crowley (1998) .
Empirical PDFs from a modeling study must be interpreted carefully. Bayesian probabilities are contingent on a priori assumptions that often are artificial. In this study, one a priori assumption is that the GEOCARBSULF parameters FERT, ACT, GYM and LIFE are equally probable at any value within their allowed intervals, but lie outside the interval with zero probability. If the probability distribution of a GEOCARBSULF parameter were known to be Gaussian about a most-likely value, this a priori parameter PDF would alter the estimated empirical PDF, perhaps significantly. Plots of the bivariate empirical PDFs can help identify which empirical PDFs are vulnerable to this effect.
climate sensitivity and parameter tradeoffs
The revisions to the GEOCARBSULF model for volcanic-silicate weathering (Berner, 2006b (Berner, , 2009 ) plus the expansion and recalibration of the proxy-CO 2 data set (Beerling and others, 2009; Breecker and others, 2009, 2010; Royer, 2010) leave the conclusions of Royer and others (2007) about the empirical PDF of ⌬T 2x largely unchanged. Figure 3 plots the empirical PDF and cumulative distribution functions (integrals of the PDFs) for 75 percent, 80 percent and 85 percent variance reduction. The 85 percent variance-reduction curves correspond to model-parameter choices that misfit the data Ͻ2.5. The best misfit possible with our parameterization choices is 2.14, corresponding to 89 percent variance reduction. Variations in the PDF and CDF curves derive from the concentration of the best-fitting GEOCARBSULF model runs at the most-probable ⌬T 2x ϭ 3.2°C value. If greater misfit is allowed (75% variance reduction, all models with data misfit Ͻ3.25), the most-probable climate sensitivity shifts to higher ⌬T 2x ϭ 3.9°C. For all three choices of variance reduction, the climate sensitivity ⌬T 2x Ͼ1.0°C with ϳ99 percent probability, ⌬T 2x Ͼ1.5°C with ϳ95 percent probability, and ⌬T 2x Ͼ2.0°C with ϳ90 percent probability. We confirm the conclusion of Royer and others (2007) : the necessity for greenhouse-weathering feedbacks in Earth's long-term carbon cycle makes low values for Earth's long-term climate sensitivity ⌬T 2x highly unlikely.
Bivariate empirical PDFs reveal interesting correlations within our GEOCARB-SULF experiment (fig. 4) . The sharpest feature in the joint PDFs of ⌬T 2x with the other adjustable parameters is the peak probability found at (⌬T 2x , GYM) Ϸ (2.8°C, 0.9). Interpreting this PDF peak, GEOCARBSULF fits the proxy-CO 2 data most readily for 2.5°C Ͻ ⌬T 2x Ͻ 3.0°C and gymnosperm weathering only slightly less efficient than angiosperm weathering. The PDF peak is slightly broader at higher ⌬T 2x values, so that the univariate PDF for ⌬T 2x peaks at a slightly higher value. It is interesting to note that . Empirical probability density functions (PDFs) and cumulative distribution functions (CDFs) for the long-term climate sensitivity ⌬T 2x of average Earth temperature to a doubling of atmospheric CO 2 concentration. A uniform Phanerozoic climate sensitivity ⌬T 2x is assumed in this experiment. The empirical PDF is high where a larger number of combinations of the GEOCARBSULF parameters LIFE, ACT, GYM and FERT can achieve a specified level of variance reduction in the 10-My-averaged proxy-CO 2 data, relative to baseline Pleistocene values ( fig. 1) . The PDFs are normalized to unit-integral over 0°Ն ⌬T 2x Ն 10.4°C. peak probability at higher climate sensitivities ⌬T 2x occurs for smaller GYM, that is, less-efficient gymnosperm weathering. A far weaker trend can be seen in the bivariate PDF of ⌬T 2x with LIFE, which peaks at bryophyte/liverwort weathering 30 to 40 percent as efficient as angiosperm weathering. Weak variation in the bivariate PDF for ⌬T 2x and FERT suggests that our GEOCARBSULF experiment shows very little preference for particular values of FERT, the effective fraction of land plants whose growth is fertilized by higher CO 2 levels.
The bivariate PDF between ⌬T 2x and the activation-energy parameter ACT shows a clear inverse proportionality (fig. 4 ). This trend implies that, as ⌬T 2x increases, better datafits are obtained with smaller ACT. Berner (2004) relates the parameter Z ϭ ACT to the activation energy ⌬E of weathering via where R ϭ 8.314472 J/(mol-°K) is the gas constant, T is the ambient temperature (in°K), and T o ϭ288°K is the reference-mean global temperature. Weathering reaction rates J in the model are a function of global-average temperature T
where J o is the reaction rate at reference temperature T o . The parameter ACT scales the temperature sensitivity of the silicate weathering process (Berner and Kothavala, 2001) , so an inverse relationship with ⌬T 2x is expected. Two additional features are notable for the ⌬T 2x -ACT PDF. First, the PDF lacks a strong preference for ACT if ⌬T 2x ϳ3.0°C. Second, the low values of ACT that pair well with high climate sensitivity (⌬T 2x Ͼ4°C) are lower than suggested by most laboratory and field studies. The lowest values for ⌬E in Table 2 .2 of Berner (2004) are roughly 42 kJ/mol, corresponding to ACT ϭ 0.06. Activation energies for granitic rocks and terranes typically correspond to the upper range of ACT, and fit the proxy-CO 2 data less well when coupled with higher values of ⌬T 2x . Lower activation energies have been found for volcanic glasses in laboratory studies (Gislason and Oelkers, 2003) and field studies in basaltic river catchments in Iceland (Gislason and others, 2009) , so the full range of ACT in our experiment covers the range of field observations. If we apply a nonuniform prior distribution P(ACT) to the 0.03 ϭ ACT min Յ ACT Յ ACT max ϭ 0.13 interval that expresses an interpretation of published data for the global activation energy ⌬E, the Bayesian empirical PDF for ⌬T 2x will change. One such prior for ACT could be
for which P(ACT max ) ϭ 3P(ACT min ). Using (6) in the GEOCARBSULF computations causes the empirical PDF for ⌬T 2x to decline more steeply at ⌬T 2x Ͼ4°C ( fig. 5 ). Many estimation studies for climate sensitivity are heavy-tailed at large ⌬T 2x values (Knutti and Hegerl, 2008) , but other considerations could dampen these probabilites. Urban and Keller (2009) cite a case where climate-process correlations dampen the PDF tail. In our study the argument for dampening the high-⌬T 2x tail of the PDF rests on the presumption that low values of ACT are less probable. Hansen and others (2008) , Pagani and others (2010) and others have hypothesized that long-term climate sensitivity is greater in glacial intervals of Earth history, due to the slow amplification of short-term greenhouse warming by ice sheets. In GEOCARBSULF modeling we are free to specify a time-dependent climate sensitivity ⌬T 2x , and use its evolving value to balance carbon fluxes as GEOCARBSULF marches through the Phanerozoic. In this study, we define a glacial ⌬T 2x (g) ϭ GLACϫ⌬T 2x with a coefficient GLAC that allows independent climate sensitivity in glacial and non-glacial intervals. The glacial intervals are taken to be 0 to 40 Ma, based on the onset of Cenozoic glaciation of Antarctica at 34 Ma (Zachos and others, 1999; DeConto and Pollard, 2003) , and 260 to 340 Ma, based on compilations of Paleozoic glacial deposition (Fielding and others, 2008 ; see also Crowley, 1998) . In order to avoid adding a sixth dimension to the parameter gridsearch, we fixed FERT ϭ 0.5 and allowed GLAC to vary over 10 values, spaced logarithmically from 0.5 to 4.0. The carbon-cycle model GEOCARBSULF favored parameter choices that included substantial glacial amplification of climate sensitivity. More than 40 percent of GEOCARBSULF runs fit the proxy-CO 2 data within 3 rms misfit if the non-glacial 3.5°C Ͻ ⌬T 2x Ͻ 5.5°C and GLAC Ͼ 2 ( fig. 6A ).
Although the GEOCARBSULF carbon-cycle model does not incorporate glacial processes in an explicit manner, the model fits data most readily if its glacial climate sensitivity is much greater than its nonglacial climate sensitivity. The model does not prefer lower values of nonglacial ⌬T 2x than for the uniform-sensitivity case. In fact, the empirical PDF for non-glacial climate sensitivity ⌬T 2x is largely unchanged if we set GLAC ϭ 2 for model runs with Յ85 percent variance reduction ( fig. 7, compare with  fig. 3 ). The looser datafit constraints, for Յ80 percent and Յ75 percent variance reduction, lead to empirical PDFs with non-glacial sensitivity maxima at higher values, near 4°C. Because GLAC ϭ 2 specifies that glacial climate sensitivity is twice that of the non-glacial climate, PDF peaks at ⌬T 2x ϭ 3°-4°C imply that most-probable glacial ⌬T 2x (g) ϭ 6°-8°C. It seems clear that GEOCARBSULF has little difficulty reconciling the proxy-CO 2 data set with glacial climate sensitivities ⌬T 2x (g) in the 7.1°to 9.6°C range inferred by Pagani and others (2010) , which was based on comparing the present-day with the Pliocene (sampled at 3.3-4.2 Ma). The above statement gains force after perusal of figure 6 shows that GLAC ϭ 2 might underestimate the most-probable . Empirical probability density functions (PDFs) and cumulative distribution functions (CDFs) for the long-term climate sensitivity ⌬T 2x of average Earth temperature to a doubling of atmospheric CO 2 concentration. These PDFs use an a priori PDF (6) for the activation-energy parameter ACT that downweights ACTϽ0.08 values, effectively decreasing the PDF at ⌬T 2x Ͼ 4°C. A uniform Phanerozoic climate sensitivity ⌬T 2x is assumed in this experiment. The PDFs are normalized to unit-integral over 0°Ն ⌬T 2x Ն 10.4°C. glacial amplification. Using the scaling factor GLAC ϭ 2, we can define lower bounds on climate sensitivity in the glacial intervals of Earth history. For all choices of misfit thresholds, the glacial climate sensitivity ⌬T 2x (g) Ͼ2.0°C with ϳ99 percent probability, ⌬T 2x (g) Ͼ3.4°C with ϳ95 percent probability, and ⌬T 2x (g) Ͼ4.4°C with ϳ90 percent probability.
For glacial amplification GLAC ϭ 2, the maxima of the bivariate empirical PDFs move closer to the center of their assumed parameter ranges ( fig. 8) . The darker colors in the plots demonstrate that glacial amplification allows a larger number of GEOCARB-SULF parameter choices to fit the data within a given misfit threshold (rms misfit Ͻ3 in figs. 4, 6 and 8). The smallest possible rms misfit over all parameter choices (ϳ2.15) does not drop for GLAC ϭ 2, however. Figure 8 shows local maxima of the bivariate PDFs found by pairing non-glacial ⌬T 2x ϭ 4°C (glacial ⌬T 2x (g) ϭ 8°C) with ACT ϭ 0.10, LIFE ϭ 0.3, GYM ϭ 0.8 and a wide range of FERT values. If a more stringent data-misfit criterion were applied, the bivariate PDF peaks would shift to slightly lower values, closer to non-glacial ⌬T 2x ϭ 3°C (glacial ⌬T 2x (g) ϭ 6°C). (g) . Long-term glacial climate sensitivity ⌬T 2x (g) ϭ GLACϫ⌬T 2x is assumed to be proportional to long-term nonglacial climate sensitivity ⌬T 2x , with fixed FERT ϭ 0.5. The PDFs are not unit-normalized, rather, the colors correspond to the fraction of chosen parameters combinations (1000 total cases at each point) for which GEOCARBSULF fits the 10-My-averaged proxy-CO 2 data with rms misfit Յ3. Bivariate PDFs plotted for ⌬T 2x versus (A) glacial amplification GLAC, (B) relative weathering efficiency LIFE for the early Paleozoic liverwort/bryophyte terrestrial biosphere, (C) weathering activation-energy parameter ACT, and (D) relative weathering efficiency GYM for the Paleozoic-Mesozoic gymnosperm terrestrial biosphere.
data fitting and discussion
The GEOCARBSULF model explains Ͼ85 percent of the proxy-CO 2 data variance (Յ2.52 rms misfit) with a significant population of parameter choices, strong evidence that the model represents correctly many important earth-system processes. No choice of parameters in our experiment causes GEOCARBSULF to fit the data with a 1 rms data misfit, suggesting that some earth-system processes are inadequately represented or else neglected entirely. Comparison of the proxy-CO 2 data with an ensemble of model CO 2 -predictions ( fig. 9 ) reveals that there are at least two well-sampled Phanerozoic intervals where GEOCARBSULF underpredicts the proxy-CO 2 data: 150 to 200 Ma and 30 to 50 Ma, coinciding roughly with the Jurassic period and the Eocene epoch. Significant mismatches also occur near the start and end of the late-Paleozoic glacial period (245 Ma and 355 Ma).
The persistent nature of the data-model misfits in figure 9 argues that the adjustable parameters in our GEOCARBSULF experiment do not have sufficient time resolution to nudge the model into better agreement with proxy-CO 2 data in time . Empirical probability density functions (PDFs) and cumulative distribution functions (CDFs) for the long-term nonglacial climate sensitivity ⌬T 2x of average Earth temperature to a doubling of atmospheric CO 2 concentration. These PDFs are for GLAC ϭ 2, meaning that glacial climate sensitivity ⌬T 2x (g) ϭ 2ϫ⌬T 2x . In particular, the peak PDF near nonglacial ⌬T 2x ϭ 3°C is paired with glacial climate sensitivity ⌬T 2x (g) ϭ 6°C. These PDFs use an a priori PDF (6) for the activation-energy parameter LIFE that downweights ACT Ͻ 0.08 values. The PDFs are normalized to unit-integral over 0°Ն ⌬T 2x Ն 10.4°C. windows of 50 My or less. There could be shortcomings in other parameterizations within GEOCARBSULF. Barring short-run mis-interpretations of strontium-and carbonisotope data as global indicators of weathering and organic-carbon burial, respectively, a likely contender for adjustment is the weatherable continental area f A (T) on Earth as a function of time (Berner, 2004) . GEOCARBSULF takes the weatherable land area to be equal to the total continental land area, obtained via plate-tectonic reconstructions, but this identification may be too simple. Cool climate within high-latitude continents may retard chemical weathering, for example. others (2008, 2009) argue that low-relief tropical continents develop a thick profile of weathered silicate that inhibits further weathering. As evidence, Godderis and others (2008) cites measurements of tropical watersheds, which are starved of dissolved weathering reaction-products relative to river catchments in temperate zones. Weak tropical weathering has the potential to raise atmospheric CO 2 concentration, because ever-warmer climates are necessary to boost chemical weathering in other latitude bands. After parameterizing this behavior into the geographical . Bivariate empirical PDFs of GEOCARBSULF parameters with long-term nonglacial climate sensivity ⌬T 2x . These PDFs are for GLAC ϭ 2, meaning that long-term glacial climate sensitivity ⌬T 2x (g) ϭ 2ϫ⌬T 2x . The PDFs are not unit-normalized, rather, the colors correspond to the fraction of chosen parameters combinations (1000 total cases at each point) for which GEOCARBSULF fits the 10-My-averaged proxy-CO 2 data with rms misfit Յ3-. Bivariate PDFs plotted for ⌬T 2x versus (A) CO 2 -fertilization fraction FERT, (B) relative weathering efficiency LIFE for the early Paleozoic liverwort/bryophyte terrestrial biosphere, (C) weathering activation-energy parameter ACT, and (D) relative weathering efficiency GYM for the Paleozoic-Mesozoic gymnosperm terrestrial biosphere.
GEOCLIM carbon-cycle model for past Earth climates, Godderis and others (2008) find that an unusual preponderance of low-latitude, low-relief continents in their Early-Middle Jurassic continental reconstruction leads to a two-fold increase in modeled CO 2 . The GEOCARBSULF-Jurassic mismatch is closer to a factor of three, but the sign of the effect is consistent with the Godderis and others (2008) conjecture.
The GEOCARBSULF-Eocene mismatch lacks a similar explanation at this time. The Eocene marks the climax of a 200-My geologic interval of globally-warm climate. Many researchers have sought clues in Eocene paleogeography, ocean circulation and sediments for causal factors behind the transition toward Cenozoic cooling and glaciation (Raymo and Ruddiman, 1992; Sloan and Rea, 1995; Lear and others, 2000; others, 2001, 2008; DeConto and Pollard, 2003; Pearson and others, 2007;  . Proxy-CO 2 data versus GEOCARBSULF model predictions for all parameter combinations FERT, LIFE, GYM, ACT and ⌬T 2x that fit 10-My-averaged data with Ն 85% data variance (rms data misfit Յ2.52-). The colors correspond to the density of CO 2 ppm values predicted by GEOCARBSULF, spaced at 1-My intervals in the Phanerozoic: (A) interval-averaged proxy-CO 2 data versus best-fit GEOCARBSULF results for a uniform Phanerozoic climate sensitivity ⌬T 2x , (B) individual proxy-CO 2 data versus best-fit model results for a uniform Phanerozoic climate sensitivity ⌬T 2x , recalibrated according to Breecker and others (2009, 2010) , Beerling and others (2009) and Gradstein and others (2004) , (C) interval-averaged proxy-CO 2 data versus best-fit model results for a glacial climate sensitivity ⌬T 2x (g) ϭ 2ϫ⌬T 2x for 0 -40 Ma and 260 -340 Ma, (D) interval-averaged proxy-CO 2 data versus best-fit model results for a glacial climate sensitivity ⌬T 2x (g) ϭ 2ϫ⌬T 2x for 0 -30 Ma and 240 -340 Ma. glacial amplification of Phanerozoic climate sensitivity Smith and others, 2009; Westerhold and Rohl, 2009) . Although some earlier proxy-CO 2 data suggested an erratic decline in CO 2 concentrations from Ͼ2000 ppm to values near pre-industrial (Pearson and Palmer, 2000; Zachos and others, 2001) , recent data from many sources consistently indicate concentrations throughout the Eocene Ͼ500 ppm, with averages near 1000 ppm (Greenwood and others, 2003; Pagani and others, 2005; Zachos and others, 2008; Pearson and others, 2009; Retallack, 2009a; Doria and others, 2011) . Reconciling such values with the 34-Ma onset of Antarctic glaciation (Zachos and others, 1999 ) must be considered an interesting geologic paradox in need of further study.
The model GEOCARBSULF, with its 10-My-averaged carbon-flux balances, is a blunt tool for investigating the complexities of the transition from Earth's "greenhouse" to "icehouse" climate states during the Eocene epoch. For instance, Zachos and others (2008) note that the early Cenozoic is punctuated by several rapid environmental releases of ␦ 13 C-depleted carbon in hyperthermal events, whose re-adsorption into the Earth system is outside the mechanistic scope of GEOCARBSULF. Speculatively, climate factors independent of greenhouse gasses, such as ocean circulation changes (Lear and others, 2000; Zachos and others, 2001) , may have chilled Antarctica enough to dampen silicate weathering there, thereby lifting CO 2 levels and warming the climate to weather enough silicate on the remaining land to balance the Eocene carbon cycle. The thermal isolation of Antarctica astride the South Pole is often cited as an important factor in the initiation of its ice sheet at the Eocene-Oligocene transition, but high-latitude cooling is evident long before this juncture. Pearson and others (2007) used ␦ 18 O from microfossil tests to argue that tropical SST remained warm throughout the Eocene, while the high-latitude deep-water source gradually grew colder over the epoch. Liu and others (2009) document SSTՆ20°C for lateEocene sites Յ70°latitude, but the existence of coeval 4°C (Zachos and others, 2001) to 10°C (Pearson and others, 2007) bottom water suggests that coastal Antarctic waters were much colder, long before its ice sheet formed.
Contrasting figure 9A and figure 9C , the effect of glacial amplification on GEOCARBSULF datafit is visually evident. With other parameters fixed, larger values of ⌬T 2x correlate with lower variability in predicted atmospheric CO 2 values. The PDF of model predictions during the late Paleozoic (260-340 Ma) and late Cenozoic (0-40 Ma) glacial intervals varies far less in figure 9C , compared to figure 9A. Proxy CO 2 values in these intervals suffer considerable scatter, but their 10-My means do not vary greatly. This stability of the 10-My-mean proxy-CO 2 values is consistent with a glacial amplification of ⌬T 2x . As noted above, glacial amplification GLAC ϭ 2 does not decrease the lowest possible misfit (ϳ2.15) that GEOCARBSULF can achieve, but it increases the number of independent parameter combinations that can fit the data relatively well.
Perusal of figures 9A, 9B, and 9C suggests that data points near the glacialinterglacial transitions are prominent outliers. One option for improving aggregate GEOCARBSULF data misfit is to extend the "greenhouse" Cenozoic to 30 Ma, and the "icehouse" Paleozoic to 240 Ma, straddling the known environmental transitions at the Antarctic-glaciation onset and the Permo-Triassic boundary. With these alternate glacial intervals, GEOCARBSULF with GLAC ϭ 2 continues to misfit Eocene proxy-CO 2 data badly, but greatly improves its match with a 10-My average of three paleosol-based CO 2 estimates from the lower Triassic from Ekart and others (1999) and Prochnow and others (2006) , recalibrated according to Breecker and others (2009, 2010) and Gradstein and others (2004) , see figure 9D . If the Breecker and others (2010) recalibration is valid for these paleosol data, it could mean that "glacial" climate sensitivities in the long-term carbon cycle can persist for 10 My or more after the ice sheets depart. There are conflicting indicators of the late Permian climate state (Fluteau and others, 2001; Chumakov and Zharkov, 2003; Kiehl and Shields, 2005; Schneider and others, 2006; Brookfield, 2008) , including late-Permian loess deposits (Soreghan and others, 2008) and the persistence of coal depocenters to the 251-Ma Permo-Triassic boundary (Veevers, 2004) , However, the scarcity of proxy-CO 2 data in the late-Permian/early-Triassic preclude a full evaluation of this hypothesis.
As an exercise to determine how changes in weatherable land area might explain the major instances of data misfit by GEOCARBSULF, for example, the conjecture of Godderis and others (2008) , we altered the boundary condition f A (t) in the model code. After trial-and-error model runs, we found that a 50 percent decrease in the weatherable continental area in the Jurassic and Eocene improved the datafit substantially ( fig. 10) . As a practical matter, it strains belief that 50 percent of Earth's land area could be made immune to chemical weathering for these two isolated Phanerozoic intervals, and not at other times in Earth history. We conclude that carbon-cycle factors beyond weatherable-land area must deviate from the values currently used by GEOCARBSULF.
conclusions Our updated climate-sensitivity experiment with the revised GEOCARBSULF and a recalibrated and expanded proxy-CO 2 data set has largely confirmed the results of Royer and others (2007) . In addition, we highlight the likelihood that glacial climate sensitivities in the Phanerozoic were amplified by a factor of two or more, relative to non-glacial climate sensitivities. We estimate the empirical probability density function (PDF) of long-term climate sensitivity ⌬T 2x by summing all distinct parameter choices for the GEOCARBSULF carbon-cycle model with enhanced volcanic weathering (Berner, 2006b (Berner, , 2009 ) that enable the model to fit 10-My averages of 635 recalibrated proxy-CO 2 data for the Phanerozoic within a chosen minimum datavariance reduction, or equivalently, a chosen maximum rms model-data misfit. We estimate an empirical PDF for climate sensitivity from a normalized graph of the proportion of distinct parameter combinations for which GEOCARBSULF meets or exceeds the data-misfit criterion.
Although peaked at its most-probable value near ⌬T 2x ϭ 3°-4°C, depending on data-misfit threshold, the width of the empirical PDF for long-term Phanerozoic climate sensitivity ⌬T 2x is substantial, largely overlapping the ranges for short-term ⌬T 2x estimated by other researchers using other methods (Knutti and Hegerl, 2008) . For all choices of misfit thresholds, the climate sensitivity ⌬T 2x Ͼ1.0°C with ϳ99 percent probability, ⌬T 2x Ͼ1.5°C with ϳ95 percent probability, and ⌬T 2x Ͼ2.0°C with ϳ90 percent probability.
If glacial and nonglacial climate sensitivities are independent and we fix the CO 2 fertilization parameter FERT ϭ 0.5, GEOCARBSULF fits the proxy-CO 2 most readily for a glacial amplification GLAC Ն 2 and non-glacial ⌬T 2x ϭ 3°-6°C. For a specific experiment with GLAC ϭ 2 that allows FERT to vary, we infer as most-probable glacial climate sensitivities ⌬T 2x (g) Ն6°-8°C, depending on the misfit threshold. For all choices of misfit thresholds, the glacial climate sensitivity ⌬T 2x (g) Ͼ2.0°C with ϳ99 percent probability, ⌬T 2x (g) Ͼ3.4°C with ϳ95 percent probability, and ⌬T 2x (g) Ͼ4.4°C with ϳ90 percent probability.
We conclude that the GEOCARBSULF climate model, in its present form, is consistent with amplified glacial climate sensitivity due to slow feedbacks (Budyko, 1974 (Budyko, , 1982 Hansen and others, 2008) , and that the amplification factor is likely to be two or greater. Because the human species lives in a glacial interval of Earth history, this modeling result has more than academic interest. GEOCARBSULF is not a tool to predict climate change accurately on the time scales (decades to centuries) that concern policymakers. The model assumes a long-term balance of carbon fluxes within the Earth system, a condition that is unlikely to be satisfied in the near term. The climate change predicted by our results would take effect only after a significant transition period. Although a precise prediction during the transition period should not be inferred from our study, we can conclude with some confidence that the model GEOCARBSULF offers little or no support for the hopeful scenario in which long-term glacial climate sensitivity ⌬T 2x (g) Ͻ2°C. GEOCARBSULF modeling does lend support to the most recent, and alarming, ⌬T 2x (g) ϭ 7-9°C estimates for the Plio-Pleistocene (Pagani and others, 2010) .
Correlations between ⌬T 2x and the weathering activation energy parameter ACT suggest that high ⌬T 2x values correlate with low ACT values. Low ACT values in the literature (Gislason and Oelkers, 2003; Gislason and others, 2009 ) have been reported for Icelandic volcanic rocks and glasses, and therefore are less probable as a globalaverage value. After expressing this a priori knowledge as a PDF for ACT, the long tail of the empirical PDF for ⌬T 2x dampens somewhat for the case where Phanerozoic climate sensitivity is uniform, that is, no glacial amplification. However, for GLAC ϭ 2, the bivariate empirical PDF for ⌬T 2x and ACT peaks at ACT-values appropriate for plutonic rocks and minerals (Berner, 2004) , so that downweighting low ACT values suppresses the high-⌬T 2x tail of its empirical PDF less.
The geochemical-cycle model GEOCARBSULF (Berner, 2006b) can fit much of the proxy-CO 2 data well, but proxy-CO 2 data in some time periods are difficult to reconcile. In the Jurassic (150-200 Ma), a 50 percent decrease in weatherable land area greatly improves the data fit, but this reduction is much larger than that suggested by the deep tropical weathering hypothesis of Godderis and others (2008) . In the Eocene (30-50 Ma), a similar reduction in weatherable land area and a redefinition of "glacial" climate-sensitivity from 0 to 40 Ma to 0 to 30 Ma improves the datafit somewhat, but not as well as for Jurassic data. For a handful of low-CO 2 estimates near the Permo-Triassic boundary (251 Ma), an extension of late Paleozoic glacial climate sensitivity from 260 to 340 Ma to 240 to 340 Ma improves the datafit substantially, but more observations are needed to justify such an adjustment. Further refinements to GEOCARBSULF may address these shortcomings, and new proxy-CO 2 data may fill gaps and consolidate the time-averaged data. However, carbon-cycle models that treat Earth's surface effectively as a single point are limited. We look forward to similar studies with models that incorporate geographic variability in climate and geochemical processes, for example, Godderis and others (2009), Beaulieu and others (2010) . 
